Introduction
============

Glaucoma is an optic neuropathy, structurally characterized by an enlarged cupping of the optic nerve head (ONH) and thinning of the parapapillary retinal nerve fiber layer (RNFL). Novel imaging techniques, such as optical coherence tomography (OCT), have enabled qualitative and quantitative assessments of structural damage in the ONH and the RNFL.[@b1-opth-7-1995] Measuring the topographic parameters of the ONH surface and the parapapillary RNFL thickness with spectral-domain OCT (SD-OCT) has been shown to be an especially reliable method for detecting the onset and the progression of glaucoma.[@b2-opth-7-1995]

In addition to imaging of the shallow ONH structures and RNFL, evaluation of the deep ONH and the deep parapapillary structures, such as the lamina cribrosa, vascular structures, and the parapapillary choroid, are critically important for glaucoma. The lamina cribrosa is considered to be the primary site of axonal damage in glaucoma.[@b3-opth-7-1995]--[@b5-opth-7-1995] Impaired blood supply and dysfunctional blood flow regulation to the ONH are considered to be significant risk factors for glaucoma.[@b6-opth-7-1995]--[@b8-opth-7-1995] These reports emphasize the necessity of evaluating the deep ONH structures in eyes with glaucoma. However, conventional SD-OCT devices, which use wavelengths around 800 nm have limited ability to visualize these important ocular structures.[@b9-opth-7-1995] In conventional SD-OCT images, the decrease in sensitivity with increasing depth of samples makes it challenging to image deep structures. Scatter and absorption of light through the overlying tissues also decrease the signal strength of the deeper structures, in SD-OCT images.

Two different imaging techniques, enhanced depth imaging OCT (EDI OCT) and high-penetration (HP)-OCT,[@b10-opth-7-1995],[@b11-opth-7-1995] have been developed to enhance the visualization of these deeper structures. EDI OCT enhances the visualization of deeper structures by intentionally positioning an SD-OCT device closer to the eye than in normal practice. By doing so, the deeper portions of the sample come closer to the "zero-delay" line, where the SD-OCT has highest sensitivity.[@b10-opth-7-1995] On the other hand, HP-OCT uses a long-wavelength light source, of 1 micron (near infrared light), that is less vulnerable to light scattering. This longer-wavelength light has the ability to penetrate more deeply into tissue compared with the short-wavelength light used in conventional SD-OCT devices.[@b11-opth-7-1995],[@b12-opth-7-1995] There are several reports that have shown successful visualization of the deep ONH and/or parapapillary structures using either EDI OCT[@b13-opth-7-1995]--[@b15-opth-7-1995] or OCT with long-wavelength light.[@b16-opth-7-1995],[@b17-opth-7-1995] However, to the best of our knowledge, EDI OCT and HP-OCT have not been compared directly in terms of ONH imaging.

The aim of the current study was to compare the relative abilities of EDI OCT and HP-OCT in visualizing the deep ONH and parapapillary structures.

Materials and methods
=====================

Consecutive patients with open-angle glaucoma were recruited from the Glaucoma Clinic at the Osaka University Hospital, Japan. Open-angle glaucoma was defined as the presence of glaucomatous optic nerve damage (localized or diffuse neuroretinal rim thinning and/or RNFL defect) and an associated visual field defect, with an open angle confirmed on gonioscopy. Exclusion criteria included the existence of any other ocular or neurologic disorder that could cause visual field defects and a history of intraocular surgery except for cataract extraction. All subjects underwent comprehensive ophthalmic examinations, including measurement of the best-corrected visual acuity, Goldmann applanation tonometry, slit-lamp biomicroscopy, gonioscopy, dilated fundus examination, OCT, and standard automated perimetry, using the Humphrey® Visual Field Analyzer II*i* 750 (Carl Zeiss Meditec, Jena, Germany) and integrated 30-2 Swedish Interactive Threshold Algorithm (SITA) software program.

The use of a prototype HP-OCT and the protocol of this study were approved by the institutional review board of the Osaka University Hospital. Each participant provided written, informed consent before they were included. All study procedures adhered to the tenets of the Declaration of Helsinki for research involving human subjects.

EDI OCT
-------

For the EDI OCT, a Spectralis® SD-OCT device (Spectralis HRA + OCT version 5.4.7.0, Heidelberg Engineering GmbH, Heidelberg, Germany) was used. The device had an maximum output power of 1.2 mW and a scan speed of 40,000 A-scans/second and the axial and transverse resolutions were 3.9 μm and 6 μm, respectively. The OCT device was positioned sufficiently close to the eye to create an inverted image near the top of the display. The image was adequately separated from the top of the display so as to avoid any image ambiguity caused by image folding with respect to 0 depth. Horizontal and vertical line scans were obtained with the "high resolution" mode, at a scanning angle of 20 degrees. Scans were placed at the center of the ONH with reference to fundus photographs. Each cross-sectional B-scan was averaged from 100 frames, to reduce speckle noise. Only those images whose quality scores exceeded 15 were processed. The EDI OCT images were exported from the OCT device and inverted before the images were scored.

Prototype high-penetration OCT
------------------------------

A prototype swept-source HP-OCT device (Topcon Corp, Tokyo, Japan) was used to image the ONH and the parapapillary area. This device is based on swept-source OCT technology and has a scanning speed of 100,000 A-scans/second. The center wavelength of the probe beam was 1,060 nm. The OCT power delivered to the sample was 0.9 mW, and the axial and transverse resolutions were 8 μm and 20 μm, respectively. This long-wavelength probe enables deep penetration to the choroid -- the detailed profile of this instrument has been described elsewhere.[@b11-opth-7-1995],[@b12-opth-7-1995] Twelve radial 6 mm line scans were obtained from each eye. The scans were placed on the same location as the EDI OCT, by referring to fundus photographs. Both horizontal and vertical line scans were used for the comparison with the EDI OCT. Up to 32 images were taken in the same location and were averaged later to improve image quality.

Grading of OCT images
---------------------

The OCT images were evaluated for the visibility of the deep ONH structures (prelaminar tissue surface, anterior laminar border, posterior laminar border, and laminar pores) and the deep parapapillary structures (intrascleral vessels, cerebrospinal fluid \[CSF\] space, and parapapillary choroid). Each landmark was identified based on morphologic features described in previous publications.[@b11-opth-7-1995],[@b12-opth-7-1995],[@b17-opth-7-1995]--[@b19-opth-7-1995] The prelaminar tissue surface was seen as a border between the low reflective vitreous cavity and the optic nerve tissue. The lamina cribrosa was identified as a horizontally oriented, highly reflective signal below the optic disc. The laminar pore was identified as the vertically oriented, continuous low-reflective area within the lamina cribrosa. Intrascleral vessels were seen as areas of continuous low reflectivity within the sclera. The CSF space was identified as a low-reflective space below the sclera, surrounding the optic nerve. The choroid was defined as the layer between the highly reflective Bruch's membrane and the sclera.

Three experienced ophthalmologists, each having at least 5 years of experience with ophthalmic OCT imaging, independently graded the visibility. The graders used a three-point scoring system in which a score of 1 indicated "good" visibility, a score of 2 indicated "moderate" visibility, and a score of 3 indicated "no visibility." The visibility of the structure was flagged as "good" if more than two-thirds of its surface within the range of the image could be delineated. The visibility was fagged as "no visibility" if the grader could not identify any part of the structure. The visibility was scored as "moderate" when the visibility of the structure was between "no visibility" and "good." The visibility of the deep ONH structures were graded separately in the horizontal and vertical images, and the visibility of the deep parapapillary structures were graded separately, in four quadrants (superior, inferior, temporal, and nasal).

Statistical analysis
--------------------

The Wilcoxon signed-rank test was used to evaluate the differences in the visibility of the identified structures on the EDI OCT and HP-OCT images. Fleiss' modified kappa coefficient was used to analyze the interobserver agreement in scoring. The differences in visibility scores among the different locations also were evaluated. The differences in the visibility of the deep ONH structures between the horizontal and vertical images were analyzed using the Wilcoxon signed-rank test. The visibility of the deep parapapillary structures among the quadrants was compared using the Kruskal--Wallis rank sum test. All statistical analyses were performed using the commercially available software JMP® version 8.0 (SAS Institute Inc., Cary, NC, USA). *P*-values \< 0.05 were considered statistically significant.

Results
=======

Patient demographic data
------------------------

This study initially involved 13 subjects. Of these, one subject was excluded because of poor cooperation during image acquisition. The 24 eyes of the remaining 12 subjects (seven women, five men) were enrolled. The age (mean ± standard deviation) of the participants was 54.6 ± 14.4 years. The average visual field mean deviation was −10.48 ± 6.99 dB. The mean spherical equivalent refractive error was −5.71 ± 3.31 D. The mean intraocular pressure was 13.6 ± 2.3 mmHg. Twenty-two eyes were phakic, and two eyes were pseudophakic.

Interobserver agreement in grading
----------------------------------

The interobserver agreement was moderate. Fleiss' modified kappa coefficient values for the overall, EDI OCT, and HP-OCT interobserver agreements were 0.5517, 0.5405, and 0.5602, respectively.

Visibility of the structures
----------------------------

The prelaminar tissue surface could be easily identified with both EDI OCT and HP-OCT, in all eyes examined ([Figure 1](#f1-opth-7-1995){ref-type="fig"}). The mean visibility score for the prelaminar tissue surface was 1.04 in the EDI images and was 1.02 in the HP-OCT images, and these were not significantly different from each other ([Table 1](#t1-opth-7-1995){ref-type="table"}).

Both the EDI OCT and HP-OCT also provided excellent visualization of the anterior laminar border. The mean visibility score for the anterior laminar border was significantly better in the EDI OCT images (1.33) than in the HP-OCT images (1.52). The posterior laminar border was generally more difficult to identify than was the anterior laminar border. The mean visibility score for the posterior laminar border was also significantly better in the EDI OCT images (2.10) than in the HP-OCT images (2.62). The laminar pores were identified as low reflective areas surrounded by highly reflective striations within the lamina cribrosa in some eyes. The mean visibility score for the laminar pore was also significantly better in the EDI OCT images (1.99) than it was in the HP-OCT images (2.13).

On the other hand, the HP-OCT images had a significantly better mean visibility score for the intrascleral vessels (2.26) ([Table 1](#t1-opth-7-1995){ref-type="table"}) than did the EDI OCT images (2.82). The mean visibility score for the choroid was also significantly better in the HP-OCT images (1.02) compared with the EDI OCT images (1.47), although the choroid was generally well visualized in most of the eyes by both instruments. Both instruments provided similarly poor visualization of the CSF space (2.93 with the EDI OCT vs 2.87 with the HP-OCT) around the ONH, in this series.

The scan location also influenced the visibility. The visualization of some of the deep ONH structures (ie, the anterior laminar border and laminar pores with the EDI OCT, and the laminar pores with the HP-OCT) was significantly better in the vertical images compared with horizontal images (*P* = 0.0476, *P* \< 0.0001, and *P* \< 0.0001, respectively) ([Table 2](#t2-opth-7-1995){ref-type="table"}). For parapapillary structures, the visibility of the intrascleral vessels, the CSF space, and the choroid was significantly better in the temporal quadrants than in other locations with EDI OCT (*P* \< 0.0001, *P* \< 0.0001, and *P* \< 0.0001, respectively). In the HP-OCT images, the visibility of the scleral vessels and of the CSF space was best in the temporal quadrant (*P* = 0.0009 and *P* \< 0.0001, respectively) ([Figure 3](#f3-opth-7-1995){ref-type="fig"}).

Discussion
==========

Despite its importance, detailed in vivo evaluations of the deep ONH structures have long been challenging because of the unsatisfactory visualization of the deep structures provided by conventional time-domain or SD-OCT instruments. Recent research has shown that EDI OCT has highly improved the visualization of the deep ONH structures.[@b13-opth-7-1995],[@b20-opth-7-1995] Studies using EDI OCT have revealed the substantial involvement of the deep ONH structures in glaucoma pathophysiology, including the thinning,[@b13-opth-7-1995],[@b14-opth-7-1995],[@b18-opth-7-1995] distortion,[@b21-opth-7-1995] and defects of the lamina cribrosa seen in glaucomatous eyes.[@b14-opth-7-1995],[@b22-opth-7-1995]

HP-OCT is another emerging innovative technology for imaging the deep ONH structures and is potentially more suitable than EDI OCT for imaging deeper tissues, in that HP-OCT utilizes longer-wavelength light and consequently, has higher tissue penetration. HP-OCT has been shown to be useful in imaging deep parapapillary structures, such as the parapapillary choroid and the CSF space.[@b11-opth-7-1995],[@b12-opth-7-1995],[@b17-opth-7-1995] There are several reports that showed the crucial importance of the deep parapapillary structures, such as the parapapillary vessels, the parapapillary choroid, and the CSF space, in glaucoma. The ONH and the parapapillary choroid both receive their vascular supply from the short posterior ciliary arteries.[@b23-opth-7-1995] Decreased perfusion pressure and choroidal thickness have been reported in experimental glaucoma in monkeys.[@b6-opth-7-1995] Spaide reported a higher incidence of glaucoma in patients with age-related choroidal atrophy.[@b24-opth-7-1995] Ren et al reported an abnormally low CSF pressure in patients with normal-tension glaucoma.[@b25-opth-7-1995] We previously reported that the choroidal thickness was significantly thinner in glaucomatous myopic eyes compared with healthy myopic eyes.[@b26-opth-7-1995] In a nonmyopic population, a thinner choroid in glaucomatous eyes was also reported.[@b27-opth-7-1995]

Taken together, both EDI OCT and HP-OCT can play important roles in clinical practice and research in glaucoma. However, EDI OCT and HP-OCT have not previously been directly compared.

The current results indicated that both EDI OCT and HP-OCT are useful for evaluating the deep ONH and the deep parapapillary structures. Both technologies provided excellent visualization of the prelaminar tissue surface, the anterior laminar border, and the parapapillary choroid, in all eyes studied. To the best of our knowledge, this is the first report to show the usefulness of HP-OCT for evaluating the deep ONH structures and the first to directly compare the performances of EDI OCT and HP-OCT in evaluating the deep ONH and parapapillary structures.

Although both instruments showed favorable results in imaging both the deep ONH and the deep parapapillary structures, there was a distinct difference in the imaging properties between the instruments. The difference can be explained by the difference between the EDI OCT and HP-OCT in the strategies used to enhance the visualization of deep structures. The EDI OCT enhances visualization by placing the deep structures closer to the zero delay, the most tightly focused area of the illumination. On the other hand, the HP-OCT enhances visualization by using longer-wavelength light to reduce light scatter.

In this study, the mean visibility scores for the choroid and the intrascleral vessels were significantly better in HP-OCT images compared with those in the EDI OCT images. This can be attributed to the difference in the wavelengths of light used in these two instruments.

Using longer-wavelength light, the HP-OCT images are less susceptible to scattering by the choroid and the sclera and to absorptions by the retinal pigment epithelium and the choroid than are OCT instruments, which use a shorter-wavelength light.[@b11-opth-7-1995] In the current study, the deep parapapillary structures were sometimes shadowed by strong light scatter or by light absorption by the overlying tissue in the EDI OCT images. The longer-wavelength light used in the HP-OCT showed a better ability to penetrate through the overlying retinal pigment epithelium to reach the deep parapapillary tissue.

In contrast, the mean visibility scores for both the anterior and the posterior laminar borders were better with the EDI OCT. The signal strengths of the deep ONH structures in the HP-OCT images were comparable with or even stronger than those in the EDI OCT images. In the HP-OCT images, however, low image contrast between the lamina cribrosa and the prelaminar or retrolaminar tissue sometimes complicated the identification of the laminar borders. Both OCT systems incorporate an image averaging algorithm to improve image contrast. Image averaging can improve image quality by reducing speckle noise, which is the cause of a grainy or textured appearance of the structures that complicates the delineation of tissue surfaces. On the other hand, image averaging can also be disadvantageous, by increasing motion artifacts, because it takes longer time to acquire more images. In our study eyes, image averaging substantially improved the image contrast, and thus, the advantageous effect of image averaging exceeded the disadvantage of causing possible motion artifacts. Our prototype HP-OCT provided averaging of up to 32 B-scans, whereas the EDI OCT allowed up to 100 B-scans. The higher image contrast of the EDI OCT may be, at least in part, attributable to the image averaging.

However, based on the current results, we cannot conclude that EDI OCT is superior to HP-OCT for imaging the lamina cribrosa. We identified the border of the lamina cribrosa with reference to the difference in signal intensity. However, it is often difficult to discriminate whether the difference in signal intensity is due to a true difference in reflectivity or merely a result of declining signal strength, particularly with respect to the posterior border. In addition, there has been no histological proof that the border between high signal and low signal corresponds to the posterior laminar border. Thus, histologic confirmation is necessary to compare the ability of EDI OCT versus HP-OCT, in imaging deep ONH structures.

There was a regional difference in visibility, in both the EDI OCT and the HP-OCT images. The deep ONH structures were more clearly visualized in the vertical images than in the horizontal images. This difference can be attributed to the influence of disc tilting. In eyes with horizontally tilted discs, the peripheral deep ONH structures were not imaged, due to signal attenuation by the overlying retina and choroid. No eye in the study population had a vertically tilted disc. The deep parapapillary structures were most clearly visualized in the temporal quadrant, possibly because the overlying retina is thinnest there.

In this study, we compared EDI OCT with HP-OCT, using subjective grading systems. Objective assessments are often considered to be more precise than subjective judgments. However, there is no established method to objectively assess the visibility of either the deep ONH structures or the deep parapapillary structures. Signal strength or penetration depth can be used to objectively examine the performance of imaging instruments.[@b13-opth-7-1995] However, comparing the signal strength or penetration depth of EDI OCT with that of HP-OCT does not necessarily reflect the ability to visualize specific structures. Another potential weakness of this study is the possible difference in scan locations between instruments -- although we used fundus photographs to place the scan position at the same location, we cannot exclude the possibility of a small difference in the scan location between the instruments. However, with regard to the structures for which the significant difference in visibility was observed between instruments, the difference between EDI OCT and HP-OCT was consistent across different scan locations (ie, horizontal vs vertical or among quadrants). This leads us to assume that a small difference in scan location is not likely to critically affect the results. Another limitation of our study was the "moderate" agreement among graders. However, the difference in visibility scores between the EDI OCT and HP-OCT was also consistent among the graders. Thus, we assume that this moderate agreement is not likely to have biased the comparison between the EDI OCT and HP-OCT in visualizing the deep ONH and parapapillary structures.

Conclusion
==========

EDI OCT and HP-OCT are useful for visualizing the deep ONH and deep parapapillary structures. However, these instruments have distinctive imaging properties. Thus, combining the advantages of both instruments is the best approach. These techniques are potentially useful for diagnosing glaucoma and understanding previously unidentified pathogeneses of glaucoma.
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![(**A**) Vertical EDI OCT and (**B**) HP-OCT images of the deep optic nerve head and deep peripapillary structures.\
**Notes:** The anterior (down arrow) and posterior (up arrow) borders of the lamina cribrosa are identified as points at which the highly reflective lamina cribrosa starts and ends, respectively. The EDI OCT image shows a sharper contrast between the lamina cribrosa and the surrounding structures. The signal strength of the sclera (\*) is stronger in the HP-OCT image than in the EDI OCT image. Scale bar = 200 μm.\
**Abbreviations:** EDI OCT, enhanced-depth imaging optical coherence tomography; HP-OCT, high-penetration optical coherence tomography.](opth-7-1995Fig1){#f1-opth-7-1995}

![Representative HP-OCT image showing scleral vessels.\
**Notes:** The vertical HP-OCT image shows the intrascleral path of vessels (arrows). The vessels are seen as continuous hyporeflective areas surrounded by the hyperreflective sclera.\
**Abbreviation:** HP-OCT, high-penetration optical coherence tomography.](opth-7-1995Fig2){#f2-opth-7-1995}

![Mean visibility scores of the deep peripapillary structures, by quadrant.\
**Notes:** The subjective visibility scores of the intrascleral vessels (♦) with EDI OCT (*P* \< 0.0001), HP-OCT (*P* = 0.0009), and overall (*P* \< 0.0001). Visibility of the cerebrospinal fluid space (■) with EDI OCT (*P* \< 0.0001), HP-OCT (*P* \< 0.0001), and overall (*P* \< 0.0001). Visibility of the choroid (▲) with EDI OCT (*P* \< 0.0001), HP-OCT (*P* = 0.3350), and overall (*P* \< 0.0001). The best mean visibility scores were in the temporal quadrant images, with both EDI OCT and HP-OCT.\
**Abbreviations:** CSF, cerebrospinal fluid; EDI OCT, enhanced-depth imaging optical coherence tomography; HP-OCT, high-penetration optical coherence tomography.](opth-7-1995Fig3){#f3-opth-7-1995}

###### 

Mean subjective visibility scores with EDI OCT and HP-OCT, for deep the ONH and parapapillary structures

                               EDI OCT       HP-OCT        *P*-value
  ---------------------------- ------------- ------------- ------------------------------------------------------
  Deep Onh structures                                      
   Prelaminar tissue surface   1.04 (0.13)   1.02 (0.14)   0.5625
   Anterior laminar border     1.33 (0.35)   1.52 (0.46)   0.0010[\*](#tfn1-opth-7-1995){ref-type="table-fn"}
   Posterior laminar border    2.10 (0.39)   2.62 (0.39)   \<0.0001[\*](#tfn1-opth-7-1995){ref-type="table-fn"}
   Laminar pores               1.99 (0.59)   2.13 (0.60)   0.0141[\*](#tfn1-opth-7-1995){ref-type="table-fn"}
  Parapapillary structures                                 
   Intrascleral vessels        2.82 (0.32)   2.26 (0.52)   \<0.0001[\*](#tfn1-opth-7-1995){ref-type="table-fn"}
   CSF space                   2.93 (0.24)   2.87 (0.30)   0.0176[\*](#tfn1-opth-7-1995){ref-type="table-fn"}
   Parapapillary choroid       1.47 (0.45)   1.02 (0.08)   \<0.0001[\*](#tfn1-opth-7-1995){ref-type="table-fn"}

**Notes**

*P*\<0.05.

**Abbreviations:** CSF, cerebrospinal fluid; EDI OCT, enhanced depth imaging optical coherence tomography; HP-OCT, high-penetration optical coherence tomography; ONH, optic nerve head.

###### 

Mean visibility scores of the deep ONH structures in horizontal and vertical images using EDI OCT, HP-OCT, and overall

                   Horizontal   Vertical   *P*-value
  ---------------- ------------ ---------- ------------------------------------------------------
  EDI OCT                                  
   PTS             1.0556       1.0277     0.6875
   ALB             1.4028       1.2639     0.0476[\*](#tfn3-opth-7-1995){ref-type="table-fn"}
   PLB             2.1528       0.0417     0.2201
   Laminar pores   2.3750       1.5972     \<0.0001[\*](#tfn3-opth-7-1995){ref-type="table-fn"}
  HP-OCT                                   
   PTS             1.0000       1.0416     0.5000
   ALB             1.5000       1.5417     0.6099
   PLB             2.6250       2.6111     0.8564
   Laminar pores   2.4306       1.8333     \<0.0001[\*](#tfn3-opth-7-1995){ref-type="table-fn"}
  Overall                                  
   PTS             1.0277       1.0347     1.000
   ALB             1.4514       1.4028     0.3668
   PLB             2.3889       2.3264     0.2856
   Laminar pores   2.4028       1.7153     \<0.0001[\*](#tfn3-opth-7-1995){ref-type="table-fn"}

**Note:**

*P*\<0.05.

**Abbreviations:** ONH, optic nerve head; ALB, anterior laminar border; EDI OCT, enhanced depth imaging optical coherence tomography; HP-OCT, high-penetration optical coherence tomography; PLB, posterior laminar border; PTS, prelaminar tissue surface.
